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ANALYSIS OF CYLINDER -PRESSURE -INDICATOR DIAGRAMS SHOWING 
EFFECTS OF MIXTURE STRENGTH AND SPARK TIMING 
By Harold C. Gerrish and Fred Voss 



SUMMARY 



An investigation was made to determine the effect of 
mixture Strength and of normal as well as optimum spark 
timing on the combustion, on the cylinder temperature, and 
on the performance characteristics of an engine. A single- 
cylinder test unit utilizing an air-cooled cylinder and a 
carburetor and operating with gasoline having an octane rat 
ing of 92 was used. The investigation covered a range of 
fuel-air ratios from 0*053 to 0.113. Indicator diagrams 
and engine-performance data were taken for each change in 
e n g inc c o nd i t i o n s • 

Examination of the indicator diagrams shows that for 
fuel-air ratios loss than and greater than 0.082 the rate 
and the amount of effective fuel burned decreased. For a 
fuel-air ratio of 0.118 the combustion efficiency was only 
58 percent. Advancing the spark timing increased the rate 
of pressure rise. This effect was more pronounced with 
1 e an or mixtures. 



INTRODUCTION 



The maximum power of aircraft engines is required only 
for a take-off or in an emergency. For cruising, the en- 
gine power is normally only 50 to 70 percent of maximum 
power.- The powor is usually decreased by throttling the 
intake, that is, by reducing the manifold pressure. The 
power may also be reduced by leaning the mixture inducted 
by the engine. Leaning the mixture with constant engine 
speed has the advantage of reduced specific fuel consump- 
tion, although the range of power reduction is considerably 
less than that obtained by throttling. 

The time of occurrence of ignition should have an 
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important influences on engine performance with both ultra- 
rich and ultralean mixtures. Such mixtures arc slow turn- 
ingt Earlier starting of combustion* obtained by advancing 
the spark timings is essential to realize the greatest re- 
turns in both engine power and fuel consumption. 

This investigation was made in the summer of 1937 to 
evaluate the effect of mixture strength and spark timing 
on the rate and the completeness of combustion, on the en- 
gine performance, and on the cylinder temperature through- 
out the available range of mixtures producing stable engine 
operation. 



APPARATUS 



The single-cylinder test unit (fig. l) for this inves- 
tigation utilized a Wright 1820-G air-cooled cylinder and 

piston. The engine has a bore of 6# inches and a stroke 

o 

of 7 inches, giving a displacement of 206 cubic inches. 
The compression ratio was 7.4. The engine is equipped with 
a Stromberg 1TAL-5 carburetor and a fuel-injection pump, 
but in these tests only the carburetor v/as used. The air- 
cooled cylinder was enclosed in a sheet-metal jacket open 
at the front and the rear. A centrifugal blower provided 
the necessary cooling air for the cylinder. An electric 
dynamometer was used for measuring the torque of the engine 
and an electrically operated revolution counter and a stop 
watch were used for determining the engine speed. A gas- 
ometer was used to measure the combustion air and a scale, 
to measure the fuel. The fuel was a gasoline that complied 
with Army specification 2-92 Grade 92. 

Iron-cons tan tan thermocouples were peened in the cylin- 
der head and spot-welded to the cylinder barrel at the rep- 
resentative positions shown in reference 1. A potentiometer 
v/as used to obtain the temperature readings. 

Cylinder-pressure -indicator diagrams were taken with 
a modified Farnboro indicator, the pressure element being 
inserted in an auxiliary hole in the cylinder head. 
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METHOD 



With a constant throttle setting and an engine speedy 
of 1500 rpm, tests were made for a range of fuel-air ratios 
from 0,053 to 0.118. These fuel-air ratios were determined 
from the measurement of the air and the fuel entering the 
engine cylinder. For each mixture strength, "both normal 
and optimum spark timing v/ere used. Normal spark timing, 
which is the setting for the maximum power with the maximum- 
power mixture, was a constant advance of 15° S . 'T . C • Opti- 
mum spark timing is the setting for maximum power. The 
usual power, friction, fuel consumption^ and air-consump- 
tion data wore taken. The indicated mean effective pres- 
sure was obtained "by adding the friction determined by 
motoring to the brake mean effective pressure. The average 
head temperature .was determined from readings of 21 thermo- 
couples and the average barrel temperature from readings 
of 8 thermocouples. 

Curves showing the amount of effective fuel burned were 
computed by converting into weight of fuel the enthalpy 
changes determined from a thermodynamic analysis of the 
indicator diagram* These changes in enthalpy are determined 
for various crank- angle positions during the combustion and 
the expansion processes. The thermal energy is computed 
from the temperature, the weight, and the specific heat of 
the gaseous mixture. The tenperature is computed from the 
gas law by using the pressure from the indicator diagram, 

•the volume corresponding to the crank angle, and the weight 
and the gas constant of the mixture in the engine cylinder. 
The changes in weight, gas constant, and specific heat of 
the mixture as combustion proceeds, are calculated on the 
assumption that the increment of fuel which causes the 
changes in enthalpy ' at - each position is completely burned. 

.The work done is computed by assuming straight-line pressure 
variation between increments of volume changes. The change 
iir enthalpy divided by the heating value of the fuel is the 
amount of. effective fuel burned. 

RESULT'S AND DISCUSSION 



• Indie a t o r - c ar d an al y sis..- The indicator diagrams ob- 
tained during this investigation with normal spark timing 
are compared at a reduced scale in figure 2. A decrease 
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in the fuel-air ratio from 0.082, which is approximately 
the conditio:.! for maximtna power, decreases the rate of 
pressure rise and thus reduces the magnitude and delays 
the occurrence of maximum cylinder pressure. Figure 2 
also shows that an increase in the fuel-air ratio "beyond 
0.082 has the sane effect. The diagram taken at a fuel- 
air ratio of 0.118 closely resembles that taken at a fuel- 
air ratio of 0.064. , 

The scatter of the points on the indicator diagrams 
between top center and the position of naxinun cylinder 
pressure indicates the cyclic variation in c orfous t i on , 
which is probably due in part to the variation in the mix- 
ture strength. The cyclic variations are more noticeable 
for both ultrarich and ultralean mixtures than for the 
mixture giving naxinun power, indicating the importance of 
mixture strength on reaction velocity. 

The faired curves from these indicator diagrams with 
their corresponding curves of effective fuel burned are 
shown superimposed in figure 3. The regularity of in- 
creasing changes in the indicator diagrams and the curves 
of effective fuel burned is broken by those taken at a 
fuel-air ratio of 0.118. The fuel-burned curves show 
that, for fuel-air ratios loss than and greater than 0.082, 
the rate of burning and the amount of effective fuel burned 
decrease. The reduction in the total effective fuel burned 
for lean mixtures is due to the fact that less fuel is 
available for combustion; whereas, for rich mixtures, the 
red\xction is due to incomplete combustion. For instance, 
the combustion efficiencies (ratio of effective fuel burned 
to fuel inducted) for lean mixtures were 100 percent; where 
as, for mixtures having fuel-air ratios of 0.118, 0.082, 
and 0.073, they were 58, 88, and 98 percent, respectively, 
for all fuel-air ratios, the maximum effective fuel burned 
occurred between 30° and 4 0° A.T.C. This position is the 
end of effective fuel burning because any later burning 
produces less heat than that lost to the cylinder walls. 

Figure 4 shows faired curves from indicator diagrams 
taken with both normal and optimum spark timing and with 
various mixture strengths. Each of the fuel-air ratios 
given on the figure is an average of the mixture used with 
normal and optimum spark timing. The greatest deviation 
from any average f uel-air-rat io value was 0.003. The re- 
sults show that advancing the spark timing advances the 
time of occurrence of maximum cylinder pressure and increas 
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its magnitude. The rate of pressure rise also increases. 
This increase in the rate of c on "bus t i on should result in 
improved cycle efficiency although the increased amount 
of negative work during the early stages of combustion 
will somewhat reduce the efficiency. Figure 4 shows that 
control of the spark timing increases in importance as the 
mixture is leaned. 

Engine performance . - The effect of fuel-air ratio and 
spark timing on engine performance is shown in figure 5. 
As indicated by the relative areas of the indicator dia- 
grams (fig. 2) , maximum power occurred at a fuel-air ratio 
of 0,082. STith normal spark timing, 77 percent of maximum 
power was produced at a fuel-air ratio of 0.055* This re- 
duced power is sufficient, without change in the throttle, 
for cruising operation under some flight conditions. 

Specific fuel consumption is a function of thermal 
efficiency, which, in turn, is a function of combustion 
and cycle efficiencies. Cycle efficiency is indicated by 
the rate of pressure rise on the indicator diagram. Refer- 
once to the indicator diagrams (fig. 2) shows that the cycle 
efficiency for normal spark timing decreases as the mixture 
is made leaner or richer than the optimum fuel-air ratio of 
0.082. figure 5 shows that, for aorfcal spark timing, the 
fuel consumption decreased with leaning of the mixture to a 
fuel-air ratio of 0.064. The loss in cycle efficiency was 
therefore more than offset by the increase in combustion 
efficiency. For mixtures having a fuel-air ratio of less 
than 0.064, the combustion was complete and the fuel con- 
sumption should therefore increase "because of the decrease 
in the cycle efficiency. For rich mixtures, the poorer 
cycle and. combustion efficiencies combine to give a much 
larger specific fuel consumption. 

Advancing the spark timing was shown in figure 4 to 
increase the rate of combustion and the power output* The 
fuel consumption should therefore be less than with normal 
spark timing. This conclusion is borne out by the lover 
specific fuel consumption shown in figure 5. It will also 
be seen that 77 percent of maximum power and minimum fuel 
consumption occurred at lower fuel-air ratios than for 
normal spark timing. The earlier ignition of the mixture 
increased the power output, decreased- the specific fuel 
consumption with constant mixture strength, and increased 
the leanness of the mixture at which the engine would oper- 
ate consistently. This reduction in fuel consumption is 
more clearly shown in figure 6. 
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The indicated power obtained at a fuel-air ratio of 
0,118 is about equal to that obtained at a fuel-air ratio 
of 0.06S. The fuel consumption, however, is about double. 
Those facts are further substantiated by examination of the 
indicator diagrams and the ciirves of effective fuel burned 
I £ig« 3 ) and by the knowledge that about twice as much 
fuel was used for the rich as for the loan mixture. 

Cyli nder t em perat ur o . - Figure 7 shows the average 
cylinder-head and cylinder-barrel temperatures recorded 
during this investigation. The maximum temperature with 
normal spark timing occurred at a fuel-air ratio of 0.072. 
This value is in agreement with the values found by 
Rabcz zana and Kalmar (reference 2) and by Swan and Morley 
(reference &) « With both richer and leaner mixtures, the 
tempera tur c r ap i & 1 y dec r e a s e d • 

Figures 5 and 7 show that, for lean mixtures, the cyl- 
inder temper.ature is approximately proportional to the 
power output. Maximum cylinder temperature, however, does 
not occur at the fuel-air ratio giving maximum power. 

The decrease in cylinder temperature from the maximum 
with increase in mixture strength up to the occurrence of 
maximum power is due to the "oresencc of unburned combusti- 
bles, which have a high thermal capacity. The effect would 
have been much more pronounced if the power had not in- 
creased. Further enriching of the mixture resulted in a 
greater amount of unburned combustibles with an attendant 
loss in power, which caused further reduction in the cylin- 
der temperature. For mixtures leaner than that giving max- 
imum cylinder temperature, the -decrease in cylinder tempera- 
ture is due to both the increase in the quantity of unburned 
air present and the decrease in the amount of fuel burned* 
(See fig. 3&) It appears that, if the power had been main- 
tained constant irrespective of the mixture strength, curves 
similar to those shown in figure 7 would have been obtained. 
The cylinder temperature would have increased to a maximum 
value and then decreased; the maximum value would have oc- 
curred at approximately the theoretically correct mixture 
s tr ength. 

It should be noted that the same power output may be 
obtained for mixtures leaner as well as richer than that 
giving maximum power, but at the expense of higher cylinder 
temperature. Operation at these leaner mixtures would be 
advantageous when fuel consumption is an important item and 
the power required is such as to produce cylinder tempera- 
tures less than the maximum allowed. 
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COIICLUSIOITS 



The following conclusions are based on the results 
obtained from a single-cylinder e&gi&S using a carburetor 
fuel system, 

A stiidy of the cylinder-pressure-indicator diagrams 
and their thermodynamic analysis shows that, for fuel-air 
ratios less than and greater than 0.082, the rate of 
pressure rise was decreased, the pressure magnitude was 
decreased, and the occurrence of maximum cylinder pressure 
was delayed. The rate of fuel burned decreased and the 
amount of effective fuel burned also decreased. For a 
fuel-air ratio of 0.118, the combustion efficiency v/a? 
only 58 percent. The end of effective fuel burned oc- 
curred betv/een 30° and 40° A.T.C. Advancing the spark 
timing up to the optimum timing increased the rate of 
pressure rise, increased the pressure magnitude, and ad- 
vanced the occurrence of the maximum cylinder pressure. 
These effects were more pronounced with leaner mixtures. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley field* Va. , July 24, 1940. 
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Figure 2.- Tamboro indicator diagrams obtained for different fuel-air ratios. 
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Figure 3.- Effect of mixture strength on indicator car is. Spark timing, 
16 crank degrees B.T.C. 
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Figure 5.- Effect of mixture strength and spark timing on engine perform- 
ance. 
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